Introduction {#S0001}
============

As common load-bearing materials, titanium (Ti) and its alloys are widely used for prosthetic applications.[@CIT0001],[@CIT0002] However, the biological inertia of Ti materials will contribute to poor osteogenesis, thus inhibiting the osteointegration between implants and natural bone.[@CIT0003] For improving their cytocompatibility, various surface modification approaches (especially preparation of functional coatings) have been developed.[@CIT0004]--[@CIT0006] Some studies had shown that micro/nanostructured or organic coatings could be constructed on the surface of Ti, thus effectively promoting the formation of surrounding new bone.[@CIT0007]--[@CIT0011] Other researches also reported that the preparation of ceramic coatings (eg, hydroxyapatite, magnesium silicate, calcium phosphate, etc.) on Ti-based implants was an effective way to improve early osteointegration.[@CIT0012]--[@CIT0014] However, fragments generated by coating peeling may lead to implant loosening or operation failure.[@CIT0015],[@CIT0016] Based on the stability considerations, the clinical prospects of these coating-modified materials are greatly inhibited in recent decades.

Titanium dioxide nanotubes (TNTs) have been widely researched for preparing multifunctional Ti implants due to their regular tubular nanostructures, size controllability and drug-loading properties.[@CIT0017],[@CIT0018] Although TNT materials have shown remarkable osteogenic effects in vitro and in vivo (in rats or rabbits), their weak bonding strength with Ti substrate greatly limits their clinical application.[@CIT0019]--[@CIT0022] For improving the stability of TNT coatings, some explorations have been attempted. For example, Xiong et al proved that annealed TNTs (500°C, 10 hrs) had better coating adhesion quality than untreated samples.[@CIT0023] Li et al constructed a compact oxide layer (about 200 nm thick) between TNTs and substrate through an additional anodization and demonstrated that the critical load of treated TNTs increased three times.[@CIT0022] Zhu et al further improved the critical load (about 5.8 times) of TNTs coatings with double additional compact layers.[@CIT0024]

In this work, we expected to construct micro-patterned mesoporous (MP) regions by photolithography-assisted anodization technique to improve the stability of TNT coatings. Photolithography has been widely used to create surface topographies with the assistant of photoresist, patterned mask and ultraviolet (UV, 365 nm) light.[@CIT0025]--[@CIT0027] Since MP structure has the advantages of large surface area, high crystallinity, good mechanical stability and flexibility, the corresponding transition region may help to offset some internal stress, thus ensuring the stability of TNT coatings.[@CIT0028],[@CIT0029] Moreover, previous studies also claimed that surface micro/nanohierarchical structures had a stronger ability to promote new bone formation than the micro or nanostructures alone.[@CIT0030]--[@CIT0032] Hence, we believe that the micro-patterned structures might have great potential to promote osteogenesis while improving the TNTs stability.

Three issues would be addressed as follows in this study: (1) to prepare MP/TNT-patterned specimens through the combined techniques of photolithography and anodization; (2) to investigate the coating stability of different samples; and (3) to evaluate the biological properties (eg, protein adsorption, cell proliferation, osteogenic differentiation, etc.) of different substrates in vitro.

Materials and methods {#S0002}
=====================

Materials {#S0002-S2001}
---------

Ti sheets (purity: 99.6%; thickness: 1 mm) were purchased from Advent Research Materials Ltd. (Oxford, UK). Photolithography materials were provided by Futurrex Inc. (NJ, USA). Photolithography chrome mask was made in Qingwei Co. (Jiangsu, China). Bicinchoninic acid (BCA) and p-nitrophenyl phosphate assay kits were obtained from Beyotime Biotechnology Co. (Jiangsu, China). Fluorescein isothiocyanate-bull serum albumin (FITC-BSA), PhalloidineX, 3-(4,5-dimethylthiazol-2yl)-2, MTT, Hoechst 33,258 and all other chemicals used in this study were provided by Sigma-Aldrich Co. (MO, USA).

Specimen preparation and characterization {#S0002-S2002}
-----------------------------------------

Ti sheets were first polished with silicon carbide sandpapers (800, 1,000 and 1,200 grits), cleaned thoroughly by sequential sonication in acetone, isopropyl alcohol and deionized water, and then dried with nitrogen stream. The preparation illustrations of MP, TNTs (TNT15 & TNT125) and MP/TNT-patterned specimens (MP15 & MP125) are displayed in [Scheme 1](#SCF0001). Briefly, for preparation of MP specimens, the corresponding electrolyte (anhydrous glycerol containing 10 wt% K~2~HPO~4~) was held at 200°C for 4 hrs to reduce the excessive water. Next, cleaned Ti were anodized in the above electrolyte at 20 V for 1 hr and 50 V for 20 mins in a two-electrode system at 180°C and finally treated in 30 wt% H~2~O~2~ solution under ultrasonic condition for 1 hr. Unlike MP preparation, the anodization of TNT15 and TNT125 samples was carried out at 6 and 40 V for 2 hrs (at ambient temperature) in the electrolyte of H~2~O/glycerol mixture solution containing 0.27 M ammonium fluoride, respectively. In order to further prepare composite MP15 and MP125, the MP specimens were first coated with photoresist, exposed to UV light (365 nm) through masker aligner (square light-transmitting area with side length of 200 nm and interval of 240 nm), and then soaked in alkaline solution to remove the irradiated regions. After that, these patterned MP specimens were further anodized according to the preparation process of TNTs. All treated samples were rinsed with deionized water and dried with nitrogen stream.Scheme 1Schematic illustration of the preparation of different titanium-based substrates.

Surface morphology of different substrates (Ti, MP, TNT15, TNT125, MP15 and MP125) was characterized by scanning electron microscopy (SEM; JSM-6700F, JEOL, Tokyo, Japan). The wettability of different samples was assessed by sessile drop method using a contact angle apparatus with a horizontal microscope (Model 200, Future Scientific, Taiwan, China).

Coating stability {#S0002-S2003}
-----------------

For investigating the stability of different coatings, MP, TNT15, TNT125, MP15 and MP125 specimens were soaked into deionized water and then ultrasonically treated at 300 W for 4 hrs using an ultrasonic cleaning machine (SB-5200DT, Ningbo, China). The soaking water was collected for detecting the content of TiO~2~ fragments dropped from different samples using an UV/Vis/NIR spectrometer (Lambda 900, PerkinElmer instruments, USA). The representative TNT125 fragments in soaking water were also characterized by SEM. Meanwhile, after cleaning three times with deionized water and drying with nitrogen stream, surface morphology of different samples was observed through the stereomicroscope (SMZ800N, Tokyo, Japan) and SEM. Next, the coating stability was further investigated via the scratch test using a scratch tester (CSM Instruments, Switzerland). The progressive load was from 1 to 20 N. The initial stripping force of the coating around scratch tracks was analyzed in this work.

Protein adsorption {#S0002-S2004}
------------------

FITC-BSA was firstly dissolved in PBS solution. Then, different samples were separately soaked in 0.5 mL of FITC-BSA (1 mg/mL) solution at 37°C at different time points (10, 30 and 120 mins). A 0.1 mL of soaking solution was collected to measure the fluorescence intensity of residual FITC-BSA at the excitation wavelength of 488 nm. The adsorption value of FITC-BSA by different substrates was calculated by the standard curve. Meanwhile, after soaking for 120 mins, all samples were collected and washed three times with PBS for fluorescence visualization using an inverted fluorescence microscope (FM, OLYMPUS IX71, Japan).

Cell culture {#S0002-S2005}
------------

MC3T3-E1 cells were obtained from ATCC (Manassas, VA, USA) and cultured with α-MEM medium supplemented with 10% fetal bovine serum under 5% CO~2~ atmosphere at 37 °C. The cell culture medium was refreshed every 3 days. Cells at the initial density of 1×10^4^ cells/cm^2^ were seeded onto various samples in this study.

Cell adhesion {#S0002-S2006}
-------------

MC3T3-E1 cells were seeded onto different substrates for 1, 3 and 5 h. After ﬁxing cells with 4% glutaraldehyde for 30 mins at 4°C, 0.2% Triton-X100 solution was used to penetrate cell membranes for 10 mins. Then, all adherent MC3T3-E1 cells were stained with rhodamine-phalloidin (4°C, overnight) and H33258 solution (ambient temperature, 15 mins), and finally observed using an inverted fluorescence microscope (FM, OLYMPUS IX71, Japan).

Cell viability {#S0002-S2007}
--------------

MTT assay was used to evaluate the cell proliferation in this work. After culturing MC3T3-E1 cells for 1, 5, 10 and 15 d, 200 μL mixture solution of medium and MTT (5 mg/mL) (v: v =9: 1) was added to each well and incubated at 37°C for another 4 hrs. A 0.3 mL of dimethyl sulfoxide was then added to dissolve the formed formazan crystals. The absorbance was measured at a wavelength of 490 nm with a microplate reader (Bio-Rad 680, USA).

Alkaline phosphatase (ALP) activity {#S0002-S2008}
-----------------------------------

After culturing for 10 d, the adherent MC3T3-E1 cells were lysed by 1% Triton-X100 solution (200 μL) at 4°C for 30 mins. The ALP activity in cell lysate was determined using a p-nitrophenyl phosphate kit according to its manufacturer instruction. Meanwhile, the total protein content in the lysate was also measured with a BCA kit for normalizing ALP activity. The absorbance for ALP and BCA detection was 490 and 570 nm, respectively.

Mineralization {#S0002-S2009}
--------------

After culturing for 10 d, MC3T3-E1 cells on different substrates were fixed with 4% glutaraldehyde and stained with alizarin red solution (pH 4.1), respectively. Cells were then treated by acetic acid (10% v/v) and ammonium hydroxide (10% v/v) and quantitatively measured at 405 nm with a spectrophotometric microplate reader.

Gene expression {#S0002-S2010}
---------------

After culturing MC3T3-E1 cells for 3 and 10 d, the expression of ALP, collagen Ⅰ (COL Ⅰ), osteopontin (OPN) and osteocalcin (OCN) genes were determined by real-time PCR analysis and normalized by GAPDH gene. All related primers are displayed in [Table 1](#T0001){ref-type="table"}. The cDNA obtained by reverse transcription was amplified using a Bio-Rad CFX Manager system under 95°C for 3 mins, following by 40 cycles of 95°C for 5 s and 60°C for 30 s.Table 1Real-time polymerase chain reaction primers used in this studyTarget genesPrimersALP\
COL Ⅰ\
OPN\
OCNF: 5ʹ- GAACAGAACTGATGTGGAATACGAA - 3ʹ\
R:5ʹ- CAGTGCGGTTCCAGACATAGTG - 3ʹ\
F: 5ʹ- GATGTTGAACTTGTTGTTGCTGAGGG - 3ʹ\
R: 5ʹ- GGCAGGCGAGATGGCTTATT - 3ʹ\
F: 5ʹ- GTGATTTGCTTTTGCCTGTTTG - 3ʹ\
R: 5ʹ- GGAGATTCTGCTTCTGAGATGGG - 3ʹ\
F: 5ʹ- GAACAGACAAGTCCCACACAGC - 3ʹ\
R: 5ʹ- TCAGCAGAGTGAGCAGAAAGAT - 3'GAPDHF:5ʹ- CTCGTCCCGTAGACAAAATGGT - 3ʹ\
R:5ʹ- GAGGTCAATGAAGGGGTCGTT - 3'

Statistical analysis {#S0002-S2011}
--------------------

All data were expressed as means ± SD. The statistical analysis was performed with OriginPro (version 7.5) via Student's *t*-test and one-way ANOVA. The confidence levels were set as 95%.

Results and discussion {#S0003}
======================

Characterization of different samples {#S0003-S2001}
-------------------------------------

SEM images ([Figure 1A](#F0001){ref-type="fig"}) displayed that there was no significant difference in the macroscopic morphology of Ti, MP, TNT15 and TNT125. However, different from the smooth surfaces of Ti, some scattered MP and regular TNT structures were observed in the high-resolution images of MP, TNT15 and TNT125. Further statistics ([Figure 1C](#F0001){ref-type="fig"}) showed that the pore sizes of MP, TNT15 and TNT125 were around 10.3±4.0, 15.8±3.9 and 125.9±10.6 nm, which were consistent with our previous studies.[@CIT0020],[@CIT0029] Compared to the above samples (Ti, MP, TNT15 and TNT125), a regular square recessed area (side length: \~200 μm; depth: \~2 μm) appeared on the surfaces of MP15 and MP125 ([Figure 1A](#F0001){ref-type="fig"} and [B](#F0001){ref-type="fig"}). Since the sample was acid etched before preparing nanotube samples, there were some obvious micro-pits (about 10--20 μm) with different nanotubes (15 or 125 nm) in the above-recessed area. Similar hybrid structures had been observed in the previous study.[@CIT0033] It was also discovered that the MP structures (around 10 nm) of photoresist-covered area in MP15 and MP125 were intact ([Figure 1A](#F0001){ref-type="fig"} and [C](#F0001){ref-type="fig"}). Moreover, the cross-sectional images of TNT125 further showed that the coating thicknesses of MP and TNT were about 1.9 and 2.1 μm, respectively ([Figure 1B](#F0001){ref-type="fig"}). The phenomenon that the depth of square recessed area (\~2 μm) was slightly larger than MP depth (\~1.9 μm) might be caused by the loss of titanium dioxide during acid etching and TNT preparation.Figure 1(**A**) Scanning electron microscopy images of different substrates (left: low magnification; right: high magnification); (**B**) top view and cross-section images of MP125 in different area; (**C**) pore size statistics of mesoporous and nanotube.

Next, results of water contact angle ([Figure 2](#F0002){ref-type="fig"}) displayed that Ti surface (\~78.3±2.3°) had the most hydrophobic property among all samples. On the contrary, TNT125 exhibited super-hydrophilic properties (\~5.0±1.6°), which was consistent with previous studies.[@CIT0017] MP and TNT15 had moderate wettability and were around 57.9±6.0° and 38.1±7.9°. Moreover, it was found that the water contact angle of MP15 and MP125 changed to 32.2±5.2° and 17.3±2.1°, respectively. In general, the contact angle of a material might be inversely related to its surface energy.[@CIT0034],[@CIT0035] Accordingly, we conclude that five modified materials (especially TNT125 and MP125) had higher surface energies than native Ti.Figure 2(**A**) Representative images of water contact angles; (B) statistics of water contact angle of different substrates.

Coating stability {#S0003-S2002}
-----------------

To investigate the stability of NT and NP layers, ultrasonic and scratch treatments were carried out in this work. From [Figure 3A](#F0003){ref-type="fig"}, it was found that only TNT125 had obvious coating peeling after 4 hrs of ultrasound, while coatings of other groups were complete. Many micro/nano-scale fragments were observed in the soaking solution of TNT125 specimens ([Figure 3B](#F0003){ref-type="fig"}). The result of UV absorption spectrum showed that TiO~2~ had an absorption band in the range of 250--380 nm, and the maximum absorption peak was around 330 nm ([Figure 3B](#F0003){ref-type="fig"}). It was consistent with the previous study.[@CIT0036] We also discovered that the absorption value trend of various soaking solutions at 330 nm was as follows: TNT125\> TNT15\> MP125/MP15/MP. Moreover, through the scratch result ([Figure 3C](#F0003){ref-type="fig"}), we further verified that TNT125 has the weakest coating stability and its stripping force was less than 1 N. The initial stripping force of TNT15 was also small and about 4 N. But no obvious peeling phenomenon was observed within the rage of 20 N in MP, MP15 and MP125 groups. The stability improvement of TNTs in patterned samples (MP15 and MP 125) might be attributed to the fact that the transition region of MP could greatly relieve the stress on the TNT coating.[@CIT0037] Above results indicate that the stability of TNTs (both 15 and 125 nm) could be greatly improved by patterning treatment with MP structures.Figure 3(**A**) Optical and scanning electron microscopy images of different substrates before and after ultrasonic treatment; (**B**) UV absorption spectrum of TiO~2~ fragments in different soaking solutions and the representative SEM image of TNT125 fragments in soaking water; (**C**) representative scratch track image of different samples (1--20 N).

Protein adsorption {#S0003-S2003}
------------------

Studies had shown that when the materials were implanted into the body, some surrounding proteins would quickly adhere to their surfaces, and the formed protein layer was proved to have a significant impact on subsequent cell behaviors (eg, survival, proliferation, differentiation, etc.).[@CIT0038]--[@CIT0040] From [Figure 4A](#F0004){ref-type="fig"}, it was found that five modified specimens (MP, TNT15, TNT125, MP15 and MP125) could adsorb more FITC-BSA proteins (*p*\<0.05) than native Ti at 30 and 120 mins (further proved by [Figure 4B](#F0004){ref-type="fig"}). However, only TNT125 group had the highest FITC-BSA adsorption after incubation for 10 mins. It suggests that large TNTs were more conducive to protein adsorption than the small TNTs and native Ti in the early stage. Yang et al had proved that more collagen and fibronectin could be adsorbed by the TNTs with bigger dimensions, which was attributed to their higher interaction energies.[@CIT0041] Thus, the excellent protein adsorption performance of TNT125 in this paper was also most likely due to their higher surface energies (confirmed by the contact angle results in [Figure 2](#F0002){ref-type="fig"}). Moreover, compared to TNTs alone, the micro-patterned structures did not present significant effects on protein adsorption.Figure 4(**A**) Statistics of adsorbed FITC-BSA protein on different samples at 10, 30 and 120 mins; (**B**) representative fluorescent images of adsorbed FITC-BSA protein at 120 mins. Error bars represent mean ± SD for n=6, \**p*\<0.05.

Cell adhesion, morphology and viability {#S0003-S2004}
---------------------------------------

The adhesion and morphology of MC3T3-E1 cells on different substrates within 5 hrs were observed in this study. From he [Figure 5A](#F0005){ref-type="fig"}, it was found that there was no significant difference in the number of cell adhesion on different samples at 1 hr, and all cells showed spherical shape. After culturing for 3 hrs, more cells were adhered to the surface of MP, TNT15 and MP15 samples (further confirmed by [Figure 5B](#F0005){ref-type="fig"}) than those of other groups (*p*\<0.05). It was also observed that most MC3T3-E1 cells on TNT125 did not unfold significantly, but spread well on other samples. As the culture time was extended to 5 hrs, the number of cells in all groups further increased. Combined with the statistical data of [Figure 5B](#F0005){ref-type="fig"} and [C](#F0005){ref-type="fig"}, we determined that the TNT15 and MP groups showed the highest cell number and largest spreading area compared with other groups, respectively (*p*\<0.05). It was caused by that more integrin (ITG) would be expressed by osteoblasts on the surface of small TNTs (15 nm).[@CIT0017],[@CIT0042] Yu et al had reported that compared with large TNTs, small TNTs could greatly increase the expression of some ITG genes (ITG α1, ITG α3 and ITG β1) and the early adhesion of osteoblasts.[@CIT0017] Iglič et al also demonstrated that small TNTs had more sharp convex edges and ITG-binding regions per unit area than large TNTs, thus effectively binding the extracellular part of the ITG molecules and further improve early adhesion and spreading of osteoblasts.[@CIT0042] Moreover, MC3T3-E1 cells on TNT125 still exhibited the worst adhesion and spreading at 5 hrs since large TNTs had fewer cell adhesion sites.[@CIT0042],[@CIT0043] The poor adhesion/spreading properties of TNT125 were effectively improved by the MP structures in MP125 group.Figure 5(**A**) Representative fluorescent images of adherent MC3T3-E1 cells at 1, 3 and 5 hrs; statistics of cell numbers (**B**) and spreading area (C) (at 5 hrs) according to fluorescent images. Error bars represent mean ± SD for n=6, \**p*\<0.05.

Next, cell viability of MC3T3-E1 cells at 1, 5, 10 and 15 d was measured and the corresponding result was displayed in [Figure 6A](#F0006){ref-type="fig"}. No significant difference was found among all groups at 1 d. However, the cells on TNT15 had the highest viability after 5 and 10 d of culture (*p*\<0.05). Compared to other groups, TNT125 samples presented the worst effects in promoting cell proliferation at 5, 10 and 15 d. It was consistent with the previous study that reported that large TNTs were beneficial to osteogenic differentiation but not conducive to cell proliferation.[@CIT0021] In addition, similar to adhesion results, the cell viability of MP125 group was higher than that of TNT125 group at 10 and 15 d (*p*\<0.05). Above results collectively indicate that MP-mediated patterning structures (MP125) had great potential to improve the early adhesion, spreading and viability of MC3T3-E1 cells on TNT125.Figure 6(**A**) Cell viability of MC3T3-E1 cells at 1, 5, 10 and 15 d; statistics of ALP activity (**B**) and mineralization level (**C**) at 10 d. Error bars represent mean ± SD for n=6, \**p*\<0.05.

ALP activity and mineralization {#S0003-S2005}
-------------------------------

The activity of ALP, an external enzyme of osteoblasts, was usually used as an indicator to evaluate the early osteogenic differentiation of osteoblasts.[@CIT0044],[@CIT0045] From [Figure 6B](#F0006){ref-type="fig"}, it was found that MC3T3-E1 cells on TNT125 surface had the higher ALP activity than those of Ti and MP groups at 10 d (*p*\<0.05). Compared to Ti group, TNT15, MP15 and MP125 samples were also proved to significantly increase ALP activity (*p*\<0.05). However, no significant difference was detected among TNT15, TNT125, MP15 and MP125 groups. Meanwhile, a trend similar to ALP activity was also observed in the mineralization result ([Figure 6C](#F0006){ref-type="fig"}). The results of ALP activity and mineralization level suggest that both TNT and MP/TNT patterned structures could greatly promote the osteoblastic differentiation of MC3T3-E1 cells.

Osteogenic gene expression {#S0003-S2006}
--------------------------

In order to further evaluate the osteogenic potential of different specimens, the expression of some related genes (ALP, COL Ⅰ, OPN and OCN) was measured at the molecular level.[@CIT0046] The corresponding results are shown in [Figure 7](#F0007){ref-type="fig"}. After culturing for 3 d, the expression of ALP and COL Ⅰ genes in MC3T3-E1 cells on five modified samples (MP, TNT15, TNT125, MP15 and MP125) was significantly (*p*\<0.05) increased when compared with that of Ti ([Figure 7A](#F0007){ref-type="fig"}). It was also found that TNT125 and MP125 had the greatest ability to increase the expression of ALP, COL Ⅰ, OPN and OCN genes in all groups. Moreover, similar to the result of 3 d, both TNT125 and MP125 also significantly (*p*\<0.05) promoted the expression of four genes in surface MC3T3-E1 cells compared with Ti at 10 d ([Figure 7B](#F0007){ref-type="fig"}).Figure 7Expression of ALP, COL Ⅰ, OPN and OCN genes in MC3T3-E1 cells on different substrates at 3 d (**A**) and 10 d (**B**). Error bars represent mean ± SD for n=6, \**p*\<0.05.

Above results ([Figures 6B](#F0006){ref-type="fig"} and [7](#F0007){ref-type="fig"}) displayed that MC3T3-E1 cells on TNT125 and MP125 samples had the higher ALP activity and osteogenic genes expression at 3 and/or 10 d than those of other groups. The previous study had proved that the absence of ALP would not affect the expression of COL Ⅰ, OPN and OCN genes, but would significantly hinder the mineralization process of osteoblasts.[@CIT0047] Since ALP had the ability to hydrolyze phosphate ester and pyrophosphate, it could provide sufficient phosphate for bio-mineralization and accelerate the formation of new bone.[@CIT0048] Thus, the higher ALP activity and osteogenic genes expression in TNT125 and MP125 groups would greatly increase the mineralization level, which was confirmed by the mineralization result ([Figure 6C](#F0006){ref-type="fig"}). Results of ALP activity, mineralization level and osteogenic gene expression collectively indicate that TNT125 and MP125 had great potential to promote the osteoblastic differentiation of osteoblasts.

Conclusion {#S0004}
==========

Micro-patterned structures of mesoporous (pore size about 10 nm) and nanotube (pore size about 15 or 125 nm) were successfully constructed on Ti surface through the combined techniques of photolithography and anodization in this study. It was proved that micro-patterned specimens (MP15 and MP125) had higher coating stability than the nanotubes alone (TNT15 and TNT125). Meanwhile, compared to TNT125 group, MP125 not only maintained the excellent osteogenic differentiation potential of MC3T3-E1 cells, but also significantly promoted the cell adhesion, spreading and proliferation. This study provides a new way to improve the stability and biocompatibility of nanotube coatings at the same time, and the porous structures (nanotube and mesoporous) of micro-patterned samples may be further used as carriers to prepare drug-device composite titanium implants in the future.
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